We have numerically studied an evolution model of granular landscape eroded by wind. We show the appearance of labyrinthic patterns when the wind orientation turns by 90
Introduction
The ripple formation due to the wind blowing across a sand bed [1] has recently received much attention in the statistical physics community [3, 4] . Indeed, the physical mechanisms involved are complex phenomena of granular transport.
Experimental works as well as natural observations [1] have underlined the primary role played by saltation in the emergence of ripples and dunes. Along this line, various models for ripple formation have been proposed in the past. Theoretical models which consider hopping and rolling grains have generally led to traveling ripple structures [3] . Simulations [4, 5, 6] have also considered various additional effects like the screening of crests, grain reptation and the existence of a grain ejection threshold. Among others, the Nishimori-Ouchi (NO) model [5] is able to reproduce a wide variety of different eolian structures: transverse, barkhanic, star-like, etc... The main advantage of such numerical model is that all parameters can be easily tuned and the physical mechanisms can be deeply investigated.
In 1991, Goossens [2] performed an original experiment which is the following. In a wind tunnel, a 12 × 12 cm 2 rough granular landscape (dust size ≈ 32 µ m) is eroded by an air flow (v ≈ 132 cm s −1 ). This created small ripples perpendicular to the wind direction. After 45 minutes, the wind orientation was changed by 90
• and this poduced diagonal structures instead of a new set of ripples perpendicular to the previous ones. The Goossens's experiment represents a good test for the NO model. In the present paper, we report simulations of this particular kind of landscape. This allows us to discuss the dynamics of this unusual phenomenon.
Model
In the Nishimori-Ouchi model [5] , two kind of granular transport processes are considered: (i) saltation and, (ii) potential energy relaxation. The temporal evolution equation of the height of sand h(x) at point of coordinate x reads
At the right hand side of this equation, the first term represents the saltation process. Due to wind shear stress, grains are moved from a position ℓ(x) to a position x. The mean amplitude of the path length is given by the constant A.
On the other side, the constant D is a relaxation coefficient. This second term takes in account the transport phenomena along the slopes of the surface, e.g.
reptation and avalanches.
The NO model has been implemented as follows. A two dimensional square lattice with periodic boundary conditions is considered. To each site i, j of the lattice is associated a real number h i,j which represents the height of the granular landscape at that position. Assume that the wind blows along the iaxis. At each discrete time t, a site i, j is randomly choosen and a quantity q i,j of matter is displaced by saltation from this site towards the site i + ℓ i,j , j which is incremented by the height q i,j . Both quantities ℓ i,j and q i,j are determined by ℓ i,j = α(tanh ∇h i,j + 1)
where α and β are dynamical constants and the parameter ǫ is the minimum quantity of sand which is displaced by saltation. The mathematical form (tanh ∇h) of those relationships assumes that the local slope mainly controls the granular transport. The flux of sand extracted from the faces exposed to the wind is indeed smaller than that screened by crests. After the saltation process (2), a relaxation of the landscape is assumed (creeping and avalanches) before the next time step t + 1 takes place. The relaxation reads
where the summations run over nearest neighbors (nn) and next nearest neighbors (nnn) of both sites i, j and i + ℓ i,j , j. This equation is the discrete counterpart of the Laplacian relaxation of Eq.(1). The process is repeated a large number of times. Typically, we stop the simulation after t = 2.5 10 7 steps on 201 × 201 lattices. We intentionaly choose a lattice size that is not commensurable with the mean saltation lenght, α.
Results and discussion
We have performed extensive simulations by varying all the parameters: α, β, In order to quantify the effect(s) of wind variations, we have measured the maximum height h max of the landscape for both constant and variable winds.
This quantity was also experimentally measured in [2] . Let us consider the density n k of kinks. This quantity is defined as the number of kinks present on the surface, divided by the size (area) of the lattice.
The density antikinks expects to be the same. In order to measure the number of kinks present in the landscape, we proceeded as follows (see illustration in Figure   3 ). The surface is recorded in grayscale images at different stages of evolution.
The darkness indicates the height of sand, i.e. crests are in black while valleys are in white. Images are then analysed using common tools of image analysis. In Figure 5 , one can see that without wind modification, n k decreases as a function of time. This behavior is faster than a logarithmic-like law, and slower than an exponential one. We have assumes a power law decay The fits using Eq. 3 have been respectively reported in Figure 5 and in Table   1 . This is left for future work.
Summary
In summary, we have simulated unusual labyrinthic landscapes observed in earlier experiments. We have investigated the formation and evolution of these landscapes. We have demonstrated that the density of defects in a ripple structure is a relevant parameter to characterize the temporal evolution of such structures. Indeed, the number of "defects" present in the landscape decreases with time according to a power law. If wind orientation is changed, the power exponent shifts from a value 2 to the value 1. These exponents do not dependent on the occurence of wind change. We have also shown the emergence of a memory effect in the asymptotic value of the kink density. 1.16 ± 0.09 
